The val allele of the catechol-O-methyltransferase (COMT) val 158 met polymorphism has been linked with nicotine dependence and with cognitive performance in healthy volunteers. We tested the hypothesis that the val allele is a risk factor for altered brain function and cognition during nicotine abstinence as compared with the normal smoking state. Chronic smokers (n = 33) were genotyped prospectively for the COMT polymorphism for balanced selection of met/met, val/met and val/val groups. A visual N-back working memory task was performed during two separate blood oxygen level-dependent (BOLD) functional magnetic resonance imaging sessions in counterbalanced order: (1) smoking as usual, and (2)X14 h confirmed abstinence. Significant genotype by session interactions were observed for BOLD signal in right dorsolateral prefrontal cortex (DLPFC; (P = 0.0005), left DLPFC (P = 0.02) and dorsal cingulate/medial prefrontal cortex (P = 0.01) as well as for task reaction time (P = 0.03). Smokers with val/val genotypes were more sensitive to the abstinence challenge than carriers of the met allele, with the greatest effects on BOLD signal and performance speed at the highest working memory load. These data suggest a novel brain-behavior mechanism that may underlie the increased susceptibility to nicotine dependence and smoking relapse associated with the COMT val allele. Exploration of the effects of COMT inhibitors as a possible smoking cessation aid in this group may be warranted.
Introduction
The methylation enzyme catechol-O-methyltransferase (COMT) regulates dopamine levels in prefrontal cortex (PFC). 1, 2 The COMT gene has G-A transition in exon 3 that results in a substitution of methionine for valine at codon 158 (val 158 met). The val allele is associated with a 3-to 4-fold increase in enzyme activity and decreased prefrontal dopamine levels. [3] [4] [5] Consistent with the role of dopamine in nicotine addiction, 6 the COMT val allele is associated with increased susceptibility to nicotine dependence, and greater risk for smoking relapse. [7] [8] [9] Converging lines of evidence suggest that this increased relapse risk in val allele carriers may be mediated, in part, by cognitive function. There is evidence that carriers of the COMT val allele exhibit less efficient prefrontal neural signaling, and in some studies, deficits in working memory and executive cognitive function. [10] [11] [12] [13] [14] [15] [16] Other studies have identified cognitive deficits as a core symptom of nicotine withdrawal, [17] [18] [19] and a predictor of smoking relapse. 20, 21 In an effort to integrate these converging lines of research, we tested the hypothesis that in chronic smokers the COMT val allele is a risk factor for altered brain function and cognitive deficits during abstinence from smoking, as compared with a normal smoking state. Specifically, we predicted that smokers homozygous for the val allele would exhibit greater abstinence-induced changes in activation in frontal regions sensitive to working memory load (that is, bilateral dorsolateral prefrontal cortices (DLPFCs) and dorsal cingulate/medial PFC); 22 effects of the abstinence challenge on brain function were not expected for met allele carriers. A mechanistic understanding of the role of the COMT val allele in abstinenceinduced cognitive symptoms that promote smoking relapse could facilitate medication development for nicotine dependence. Such information may further establish cognitive performance measures as endophenotypes for nicotine dependence.
Materials and methods

Participants
A total of 36 healthy smokers of at least 10 cigarettes per day were recruited by advertisements in newspaper and on radio. Eligible smokers were genotyped prospectively for the COMT val 158 met polymorphism (rs4680, Assay on Demand (c_25746809_50) from Applied Biosystems Inc., Foster City, CA, USA) to ensure balance in the three genotype groups. To reduce potential bias due to ethnic admixture, all participants were of European ancestry. Persons with a history of or current neurological or Diagnostic and Statistical Manual of Mental Disorders, 4th edition Axis I psychiatric or substance disorders (except nicotine dependence) were excluded. Persons currently taking psychotropic medications (for example, MAO inhibitors, benzodiazepines, antidepressants, antipsychotics) were also excluded. The final sample (n = 33) (three participants were excluded for measurement artifact) included 18 men and 15 women with an average age of 33 years (s.d. = 10.55); met/ met = 11, val/met = 12 and val/val = 10.
Procedures
This neuroimaging experiment used a within-subject design with two blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) sessions occurring 1-3 weeks apart in counterbalanced order: (1) smoking as usual and (2) overnight (X14 h) abstinent. Both sessions occurred before noon, and subjects were instructed to refrain from alcohol or other drugs for at least 24 h before the session.
Before each session participants completed the Fagerstrom Test for Nicotine Dependence (FTND) 23 and provided a carbon monoxide (CO) breath sample. This sample was used to verify abstinence for the abstinent session, and was based on a maximum CO criterion of 15 p.p.m., consistent with previous neuroimaging studies. 24 On the smoking as usual day, participants smoked immediately before the scanning session to standardize exposure. There was approximately 45-60 min delay between the last cigarette smoked and the beginning of BOLD imaging. A breath alcohol test was performed before both sessions to confirm compliance with the alcohol restriction ( > .01 cutoff) and participants completed a withdrawal symptom checklist 25 and the Questionnaire of Smoking Urges. 26 Following these assessments and procedures, participants were escorted to the radiology clinic (about 20 min) for the scanning session.
Task design
Working memory function was assessed using a visual N-back paradigm, 27, 28 based on the sensitivity of the N-back to nicotine abstinence. 29, 30 Briefly, the N-back task involved presentation of complex geometric figures (fractals) for 500 ms, followed by an interstimulus interval of 2500 ms under four conditions: 0-back, 1-back, 2-back and 3-back. In the 0-back condition, participants responded with a button press to a specified target fractal. For the 1-back condition, participants responded if the current fractal was identical to the previous one. In the 2-back condition, participants responded if the current fractal was identical to the item presented two trials back and in the 3-back condition if it was identical to three trials back. A response was not required for nontargets. Each condition consisted of a 20-trial block (60 s) and each class of blocks (0-back, 1-back, 2-back, 3-back) was repeated three times. A target-foil ratio of 1:2 (that is, 33% targets) was maintained in all blocks and visual instructions (9 s) preceded each block, alerting the participant of the upcoming condition.
The task began with a 48 s baseline rest period (fixation point on blank screen) of which the first 24 s was discarded to ensure the MRI signal reached steady state. Additional 24 s baseline rest periods occurred at the middle and end of the acquisition. Total task duration was 924 s (308 time points). Equivalent N-back tasks with unique stimuli were used for the two sessions (overnight abstinent or smoking as usual) and version order was counterbalanced.
Image acquisition and processing BOLD fMRI was acquired with a Siemens Trio 3 T (Erlangen, Germany) system using a whole-brain, single-shot gradient-echo (GE) echoplanar sequence with the following parameters: TR/TE = 3000/30 ms, field of view (FOV) = 220 mm, matrix = 64 Â 64, slice thickness/gap = 3/0 mm, 40 slices. After BOLD fMRI, 5-min magnetization-prepared, rapid acquisition gradient echo T1-weighted image (TR = 1620 ms, TE = 3.87 ms, FOV = 250 mm, matrix = 192 Â 256, effective voxel resolution of 1 Â 1 Â 1 mm) was acquired for anatomic overlays of functional data and to aid spatial normalization to a standard atlas space. 31 BOLD time series data were analyzed with FEAT Version 5.92, part of FSL 4.0 (www.fmrib.ox.ac.uk/fsl) using standard image analysis procedures that included brain extraction, slice time correction, motion correction, high pass filtering (138 s), spatially smoothing (6 mm full-width at half-maximum, isotropic) and mean-based intensity normalization. The median functional and anatomical volumes were coregistered, and the anatomical image was transformed into standard space (T1 MNI template). Transformation parameters were later applied to statistical images for group-level analyses.
Data analysis
Subject-level statistical analyses were carried out using FILM with local autocorrelation correction. 32 Four condition events (0-back, 1-back, 2-back and 3-back) were modeled using a canonical hemodynamic response function. The instruction period was included as nuisance covariate and the baseline rest condition (fixation point) was treated as the unmodeled baseline. For each subject, contrast maps testing parametric increase in working memory load (À2, À1, 1, 2) were generated and subsequently carried to second-level group analyses. First, the parametric model was tested for session effects (abstinent > smoking, smoking > abstinent) with separate one tailed, paired t-tests. Then, the overall task activation was characterized by calculating the mean of each subject's smoking and abstinent sessions and the result was entered into a single-group t-test. Statistic images (Gaussianized T) were corrected for multiple comparisons using GRF-theory-based maximum height thresholding at Pp0.05 (corrected). To characterize the session by genotype effects, mean percent signal change was extracted from voxels (zX5.1, minimum 50 contiguous voxels) in the DLPFC (right and left DLPFC) and the dorsal cingulate/medial PFC (MF/CG). Anatomic assignment was based on the peak z-score within the group of contiguous voxels using the Talairach Daemon Database 33 and confirmed through visual inspection using coordinates reported by Owen et al. 22 These data were exported for offline analysis using standard statistical software and procedures described below.
The percent signal change analysis used regression with subject-level random effects, estimated using maximum likelihood techniques (Stata xt-reg; Stata Corporation, College Station, TX, USA) with fixed effects (Gaussian model). The BOLD signal models included terms for the main effects of genotype (val/ val vs val/met vs met/met), session (abstinent vs smoking), N-back load and relevant covariates (sex, nicotine dependence score (FTND), age and CO level at the smoking session). CO level at the smoking session was used because there was minimal variability in CO levels for the abstinence session; results did not differ with both CO values included. The interaction was tested using the Wald w 2 -test for differences in effects across genotype groups. Task performance (accuracy and reaction time) was examined with models as described above, except that counts were treated as Poisson or binomial outcomes.
Results
Descriptive data
Demographic and smoking history data are presented in Table 1 . There were no significant differences by genotype; however, there were fewer women in the val/met group. As a manipulation check, we confirmed that CO levels for the abstinent session (6.06 p.p.m., s.d. = 3.58) were significantly lower than CO levels for the smoking as usual session (24.85 p.p.m., s.d. = 11.93, P < 0.001). The average percent reduction in CO levels between sessions was 74% (range 46-95%). Further, all three genotype groups exhibited significant increases in smoking urges from the smoking to the abstinent session (P < 0.001), whereas only the val/met and val/val groups exhibited significant increases in withdrawal (P < 0.05). The difference scores (abstinence minus smoking) for the three genotype groups were not significantly different (Table 1) .
COMT genotype associations with task performance The overall median reaction time differed among the three genotypes (Wald w 2 (2) = 7.05, P = 0.03). The val/ val group showed significantly faster reaction times in the smoking session, compared to the abstinent session, for the 3-back condition (Figure 1 ). Accuracy (number of true positives) did not differ across session or genotype (Supplementary Table) .
COMT genotype associations with BOLD signal The visual N-back task robustly activated brain regions consistently associated with working memory tasks ( Figure 2a ; Table 2 ). Whole-brain voxelwise paired t-tests revealed no effect of session for the 
Discussion
This fMRI study provides novel evidence that smokers who are homozygous for the high activity val allele of the COMT val 158 met polymorphism are more sensitive to the effects of an abstinence challenge on brain function and working memory. Smokers with the COMT val/val genotype exhibited a relative decrease in BOLD signal in bilateral DLPFC and dorsal cingulate/medial PFC during abstinence (compared to smoking), whereas carriers of the met allele (met/met or val/met) exhibited no such effects. Further, only the val/val group exhibited a significant beneficial effect of smoking (vs abstinence) on overall reaction time on the visual N-back working memory task. These effects on BOLD signal and speed of performance in the val/val group are most pronounced during the 3-back trials. Although a recent meta-analysis has called into question the cognitive effects of this polymorphism, 35 our data suggest that cognitive effects may emerge in smokers with val/val genotypes when the working memory system is challenged by abstinence from smoking.
Earlier fMRI studies examining associations of COMT val 158 met genotype with brain function and cognition have found increased DLPFC BOLD signal in the val/val group; some of these studies found no genotype effect on working memory performance 11, 13 and others reported poorer performance in the val/val group. 36, 37 We observed a similar, but nonsignificant trend in the smoking as usual session (Figure 2b) , with the val/val group showing greater BOLD signal than the other groups across all memory loads. This observation is in accord with the 'inefficiency hypothesis', 11 which posits that cognitive performance may require greater effort (and brain activation) in the val allele carriers in an unchallenged state. However, under an abstinence challenge in chronic smokers, a relative decrease in DLPFC BOLD signal during abstinence was observed in the val/val group in our study. Direct comparison of the present findings to previous studies is difficult because smoking status was not reported, and time since last cigarette (or length of abstinence) may have varied between participants who are chronic smokers. Our data suggest that future studies of COMT genotype and cognition should consider controlling for smoking status of the study participants. This may be especially important because the COMT val allele is significantly more prevalent among smokers. 38 This study also contributes to a growing literature on the functional neuroanatomy underlying nicotine abstinence effects on cognition, although it is the first abstinence challenge study to incorporate genetic variation. In a prior fMRI study 39 using the letter Nback task, BOLD signal in left DLPFC was increased during abstinence relative to smoking, but only at a low working memory load (1-back). Among abstinent smokers, nicotine vs placebo gum decreased right PFC activation; however, decreased activation predicted worse performance, 40 a finding consistent with our results. Although our knowledge of the effects of nicotine abstinence on brain function is far from complete, the present data suggest that individual variability in the effects of abstinence is accounted for, in part, by genetic variation in COMT val 158 met. On the basis of prior preclinical and clinical evidence, a neurobiological hypothesis for the observed COMT genotype by abstinence effect can be offered. Rodent and human investigations have established that the COMT gene, and the val 158 met polymorphism in particular, regulates PFC COMT enzyme activity and presynaptic dopamine levels. 3, 41 Lower dopamine levels in the PFC are thought to contribute to deficits in cognitive processing among carriers of the COMT val allele. 11, 13, 16 Smoking a single cigarette increases dopamine levels to a greater extent among smokers with COMT val/val genotypes compared to met allele carriers. 42 Thus, the effects of smoking state on brain activity and cognitive function observed in the val/val group may be attributable to greater effects of smoking (vs abstinence) on dopaminergic tone.
Nicotine dependence exacts a heavy burden on society, and improved therapies are urgently needed. 43 Although carriers of the COMT val allele are less responsive to existing therapies for smoking cessation 7-9 they may be candidates for targeted therapy with COMT inhibitors. For example, in healthy volunteers the COMT inhibitor tolcapone enhances working memory, 44 particularly among persons with the COMT val/val genotype. 45 The therapeutic potential of COMT inhibitors for smoking cessation warrants further attention.
Strengths of the present study include the withinsubject design, which manipulates both smoking status and working memory load, and the prospective genotyping for COMT. However, there are potential limitations as well. First, statistical power was relatively low for detecting associations of genotype with behavioral performance, and effects were found for only one of the behavioral measures examined (overall reaction time). This may be attributable to reduced variability in accuracy measures relative to reaction time measures. A second potential limitation is that some participants may have experienced minor abstinence symptoms during the smoking session, which occurred 45-60 min since the last cigarette. However, CO levels and craving scores between the two sessions were significantly different, suggesting that the abstinence manipulation was highly effective. Finally, recent data suggest that effects of COMT on brain activation and cognitive performance may be modified by genetic variation in the dopamine transporter 11, 46 and in the dopamine D2 receptor, 47 as well as by additional single nucleotide polymorphisms in COMT. 15, 48 The interacting effects of these genetic variants on abstinence-induced deficits in cognitive function can be examined in future research.
In summary, the present study suggests a novel brain-behavior mechanism through which the COMT val allele may increase susceptibility to smoking relapse. These data underscore the importance of assessing smoking status and standardizing exposure within investigations of COMT and cognitive performance. Given the high prevalence of tobacco use and a population frequency of 0.44 for the COMT val allele in persons of European ancestry, 49 translating these findings for medication development could have a significant clinical and public health impact.
